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Inorganic cesium lead halide CsPbX3 (X = Cl, Br, I) perovskite nanocrystals (NCs) have recently attracted great attention as a promising new class of luminophores that offers substantial improvements in optoelectronic applications such as light-emitting diodes (LEDs) [1] [2] [3] [4] , lasers [5] [6] [7] , waveguides 8 and photodetectors. [9] [10] [11] [12] [13] [14] [15] This is due to their extraordinary photo-physical properties, including high photoluminescence quantum yields (PLQY) with narrow emission bandwidths, wide color gamut and highly tunable bandgaps throughout the ultraviolet, visible, and near-infrared spectra controlled by halide-ion substitution, different dimensionality and compound stoichiometry. [1] [2] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Unlike conventional semiconductor NCs (i.e., CdSe, InP), the soft ionic crystalline structure of lead-halide perovskites show a high defect-tolerance. [27] [28] [29] This paramount feature can be rationalized as being due to the location of the defect energy levels of perovskite NCs within the valence band (VB) or conduction band (CB) rather than the bandgap itself. Still, the presence of typical defects such as undesirable cation or anion vacancies tends to have energy states that fall within the CB and VB, leading to a significant loss in radiative carrier recombination. [27] [28] Colloidally synthesized CsPbBr3 and CsPbI3
NCs are highly luminescent in the green and red spectral regions; their PLQY is close to unity. [16] [17] [30] [31] In sharp contrast, extremely low PLQY is reported for CsPbCl3 NCs, which could possibly result from the presence of different types of structure defects (such as chloride vacancy) at the surface of the NCs. [32] [33] [34] [35] Post-synthetic surface passivation has been demonstrated to be an effective method that introduces surface functionalities and removes the defect points on the NC surfaces. Post-synthetic surface treatment of CsPbBr3 and CsPbI3 NCs has been widely investigated with the aim to boost the PLQY near to unity using a range of organic and inorganic salts such as thiocyanate salts 30 , lead bromide salt 16 , DDAB [36] [37] , or even bidentate chelating agents such as IDA. 17 However, for the surface modification of To study and decipher the effect of the surface passivation, transmission electron microscopy (TEM) measurements were performed. According to the HRTEM images and the size-distribution histograms (Figure 1 a-d) , both the pristine and the YCl3-treated samples are highly crystalline in structure, present regular cubic shape morphologies with narrow size distributions and nearly the same average diameter of 9 ±0.7 nm and 9.4 ±0.6 nm for the untreated and treated sample (insets (a,c)), respectively. The high-resolution TEM (HR-TEM) images (Figure 1 (b, d) ) also show the same interplanar distance of 0.38 nm for both pristine and treated NCs with clear lattice fringes corresponding to the inter-planar distance of the (110) crystal plane for the cubic phase of CsPbCl3 NCs. 1, 33 Also, the crystal structures of the as-synthesized CsPbCl3 samples were investigated using X-ray diffraction (XRD), Figure S1 . According to the XRD patterns, both pristine and treated NCs possess a cubic crystalline perovskite structure. Also, the peak positions remain unchanged after treatment indicating no 39 This result indicates new bond formation with the yttrium elements. 39 We attribute this effect to the filling of surface Pb-Cl ion pair defect by a Y-Cl ion pair, as indicated by DFT calculations (see below). Quantitative XPS analysis for CsPbCl3 NCs indicates a Cl/Pb ratio of 2.6/1 for the untreated surface. However, following the yttrium salt treatment, this ratio increases to 3.2/1, which is attributed to the development of a Cl-rich surface. The new yttrium bond formation along with the increase in the Cl/Pb ratio after NC treatment demonstrates the dualsurface passivation by YCl3. It should be noted that the XPS analysis shows no significant changes in the Cs 3d, Pb 4f, Cl 2p and N 1s core-level spectra for both samples as a Y-Cl ion pair is filling the surface Pb-Cl defects after YCl 3 treatment. These results suggest that YCl3 is competently anchored on the surface,
i.e., forms a new bond, fills the surface Pb-Cl ion pair defects and heals the uncoordinated Pb atoms. To study the impact of surface passivation on the physical properties of the NCs, the absorption and PL spectra were recorded for the samples before and after surface treatment. As shown in Figure   2a , the as-synthesized pristine CsPbCl3 NCs exhibit sharp excitonic absorption and emission peaks at 394 nm and 404 nm, respectively. Following the YCl3 treatment, a red shift of less than 1 nm in the emission peak is observed. Also, both pristine and the treated NCs exhibit narrow PL emission with linewidths of 11 nm, confirming the high uniformity of the NCs. Remarkably, a ~60-fold enhancement in the PL intensity is observed following the YCl3 treatment. This significant improvement is providing clear experimental evidence for the removal of surface defects of NCs, see (Figure S3, S4) . 17, 30, [37] [38] 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 To support the dual-surface treatment by YCl3, we have examined the effect of Y-acetate salt on the CsPbCl3 NC surface, Figure 2b . Remarkably, we have found that the optical properties of the NCs were improved to some extent due to the steric hindrance effect preventing the direct binding of the Y-acetate to the surface of the NCs. Thus, this finding highlights the necessity of the presence of the trivalent metal chloride ions for better passivated surface defects and improved optical properties. To explore the impact of the surface treatment on the colloidal stability, a photostability test is conducted, which shows that the PL intensity of pristine NCs is quenched by up to 30% after two weeks. In contrast, the YCl3-treated
NCs can maintain almost 100% of their original PL intensity during the entire 14 days. This study confirms that YCl3 not only removes the defects or the related surface traps, but also improves the durability of the PL properties Figure 2c .
To further investigate the surface treatment effect of other trivalent ions, we treated the assynthesized CsPbCl3 NCs with different trivalent metal-chloride salts such as InCl3, LaCl3, GdCl3, and
YbCl3. Interestingly, although the other trivalent ions also lead to an improvement in the optical properties of the NCs, the Y was most efficient in improving the PLQY as well as ensuring the stability of the NCs, Figure S5 . We have also studied the surface treatment effect on CsPbCl3 NCs utilizing monovalent and divalent ions such as Na, Zn, and Cd; however, none of them were comparatively effective, Figure S6 . These findings underscore the high affinity of trivalent ions towards the surface of CsPbCl3 NCs by introducing more chloride ions to the surface. It has been lately demonstrated that doping impurity ions inside perovskite NC lattice can be considered as an efficient way to remove the intrinsic defects as well as the structural defects such as chloride and lead vacancies as a result enhance the optical properties the NCs. 35 , 40 Therefore, we were also interested to try the doping strategy of YCl3 ions, aiming to increase the PLQY more than 60% by targeting the intrinsic defects in CsPbCl3 NCs. Accordingly, three different concentrations of YCl3 (1%, 9 5%, and 10 %) have been doped inside the CsPbCl3 lattice during the synthesis. However, we could not observe much improvement in the PLQY as was achieved by the post-synthetic treatment method. The PLQY of the doped NCs was approximately 3-5 %, even after applying the same surface passivation conditions to the surface a PLQY of only 25 % was achieved. This may be due to the mismatch in the 6-coordinate ionic radii of Y (90 pm) and Pb (119 pm). These results again highlight the significant influence of the surface defects in CsPbCl3 NCs compared to the bulk, Figure S7 -S9.
It is well known that the existence of trap states on the NC surface, increases the non-radiative surface states, which leads to a shortening of the lifetime. Thus, passivating the surface defects of the NCs would have a substantial influence on the charge carrier lifetime, and, accordingly, lead to prolonging the excited-state lifetime. For this purpose, time-resolved PL spectroscopy was conducted using a streak camera with picosecond resolution, Figure 2 (d, e) . The time-resolved PL decay curves measured for as-prepared NCs were fitted with bi-exponential decay functions. The short and long-lived PL lifetime components and the relative amplitudes (%) are listed in Table S1 . The radiative and nonradiative decay rates were estimated from the PLQYs, with the corresponding average PL decay times presented in Table S2 . The significant increase in the average PL decay lifetime from 0.4 to 1.7 ns, after YCl3 treatment, indicates absolute surface state passivation. Our average lifetime results are consistent and slightly longer than the reported lifetimes for CsPbCl3 NCs. 38 Also, we observed that the nonradiative decay rates which were estimated from the PLQYs as well as the fitted lifetimes are very consistent and; are reduced from 2.475 ns -1 to 0.236 ns -1 after surface treatment (Table S1, S2). These findings imply that our YCl3-treated samples successfully suppress the formation of non-radiative recombination centers on the surface of the CsPbCl3 NCs. We performed DFT calculations to understand the mechanism of PL enhancement after surface treatment using YCl3. In the wet-chemistry synthesis of CsPCl3 NCs, the surface traps are unavoidably formed due to the appearance of non-passivated sites (like a Pb-Cl ion pair defect), which can become non-radiative centers that can degrade the optical performance. Based on this mechanism, we considered three models as given in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 states in the conduction band region. Thus, the surface treatment using YCl3 can not only fill the Pb-Cl ion pair defects but also provides extra Cl atoms to passivate the uncoordinated Pb atoms on the surface, as illustrated in Figure 3d .
41-44
To assess the effect of YCl3-passivation on the photoelectric capability of CsPbCl3, we fabricated two The responsivity of the fabricated CsPbCl3-based devices, before and after YCl3-passivation, were calculated and depicted in Figure S10c and Figure 4e , respectively. In analogy to previous reports, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 calculations were conducted assuming that the noise current is primarily dominated by the shot noise. 48 The decrease in responsivity versus the increase in power density (Figure 4e ) was ascribed to the filling of the trap states, which provide higher photoconductivity at low power densities. 49 The effect of surface 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In conclusion, we demonstrate how a simultaneous dual-surface passivation approach using Y and
Cl ions can significantly improve not only the emission properties, but also the surface stability of CsPbCl3 NCs. Our results suggest that YCl3 can robustly fill the Pb-Cl ion pair defects and passive the uncoordinated Pb atoms on the NC surface, enhancing the PLQY by 60 times compared to untreated samples. We were also studied the photoelectric response of CsPbCl3 thin films before and after YCl3 treatment, with the results showing a noticeable photocurrent enhancement after treatment. These results unravel the underlying mechanism behind the low PLQY of CsPbCl3 NCs and highlight the enormous impact of the surface defects on CsPbCl3 NCs. Such findings highlight the potential for CsPbCl3 NCs to be utilized as efficient blue-emitters for a range of optoelectronic applications.
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